In contrast to oncoretroviruses, human immunodeficiency virus type 1 (HIV-1) and other lentiviruses have the capacity to replicate in nondividing cells such as macrophages. Lentiviral integration requires transport of the preintegration complex (PIC) through the nuclear pores by an active, energy-dependent process (6). At least three components of the HIV-1 PIC seem to contribute to nuclear transport: Vpr (23, 27, 28, 42, 45) , matrix protein (7, 24, 48), and integrase (3, 25, 38). These different proteins interact with each other and with the cellular import machinery (14). However, the respective contribution of each protein to the karyophilic properties of HIV-1 PICs has not been completely elucidated (17, 18, 22, 31) . Nuclear import is not determined by viral proteins only. Recently, it was shown that the central DNA flap of HIV-1 acts as a cis determinant of HIV-1 DNA nuclear import (21, 51). During the second-strand DNA synthesis of reverse transcription, initiation of DNA synthesis at the central polypurine tract (cPPT) results in a strand displacement event. The cPPT, an exact copy of the PPT at the 3Ј end, serves as the second initiation site of second-strand DNA synthesis, while the central termination sequence (CTS) marks the termination of strand displacement synthesis. The final product of HIV-1 reverse transcription is a linear DNA molecule with a central 99-nucleotide-long plusstrand overlap, the central DNA flap (10, 11). The central DNA flap is believed to act as a cis determinant for HIV-1
In contrast to oncoretroviruses, human immunodeficiency virus type 1 (HIV-1) and other lentiviruses have the capacity to replicate in nondividing cells such as macrophages. Lentiviral integration requires transport of the preintegration complex (PIC) through the nuclear pores by an active, energy-dependent process (6) . At least three components of the HIV-1 PIC seem to contribute to nuclear transport: Vpr (23, 27, 28, 42, 45) , matrix protein (7, 24, 48) , and integrase (3, 25, 38) . These different proteins interact with each other and with the cellular import machinery (14) . However, the respective contribution of each protein to the karyophilic properties of HIV-1 PICs has not been completely elucidated (17, 18, 22, 31) . Nuclear import is not determined by viral proteins only. Recently, it was shown that the central DNA flap of HIV-1 acts as a cis determinant of HIV-1 DNA nuclear import (21, 51) . During the second-strand DNA synthesis of reverse transcription, initiation of DNA synthesis at the central polypurine tract (cPPT) results in a strand displacement event. The cPPT, an exact copy of the PPT at the 3Ј end, serves as the second initiation site of second-strand DNA synthesis, while the central termination sequence (CTS) marks the termination of strand displacement synthesis. The final product of HIV-1 reverse transcription is a linear DNA molecule with a central 99-nucleotide-long plusstrand overlap, the central DNA flap (10, 11) . The central DNA flap is believed to act as a cis determinant for HIV-1 DNA nuclear import: in the presence of the DNA flap, the HIV linear DNA is efficiently imported into the nucleus; in its absence, HIV cDNA accumulates in infected cells as unintegrated linear DNA in the vicinity of the nuclear membrane (51) .
HIV-1-derived lentiviral vectors have become efficient tools to transfer genes into nondividing cells and are therefore promising candidate vectors for future gene therapy (32, 47) . In the original lentiviral vector constructs, the cPPT-CTS fragment was removed (32) . Subsequently, it became clear that HIV-1 vectors devoid of the DNA flap exhibit a strong defect in nuclear import (21, 51) . It was demonstrated by Southern blotting that facilitated nuclear import results in an increased amount of integrated vector DNA and thus in a higher transduction efficiency of the lentiviral vector containing the cPPT. The concomitant increase in the mean expression level of the reporter gene EGFP, as measured by flow cytometry, was attributed to the increased amount of integrated DNA, reflecting the integration of multiple vector copies per cell. The extent of the increase in transduction efficiency by including the cPPT-CTS was cell type specific but, on average, 5-to 10-fold.
The current treatment for patients infected with HIV-1 is based on combination therapy including potent reverse transcriptase and protease inhibitors. These drug regimens are effective in reducing viral load and decreasing morbidity and mortality, but the emergence of multiple-drug-resistant virus strains in treated patients necessitates the development of new antiviral agents, preferentially targeting other replication steps (16) . A crucial step in the HIV-1 replication cycle is the integration of viral DNA in the chromosome of the target cell after the reverse transcriptase (RT) of viral RNA into a doublestranded DNA copy in the cytoplasm of the infected cell. Integration is a multistep process catalyzed by integrase, a 32-kDa protein encoded by the pol gene. In the first step of the integration reaction, called 3Ј processing, the dinucleotide pGT is removed from each 3Ј end adjacent to a conserved CA dinucleotide (for a review on integrase, see reference 5). Next, the viral DNA is transported as a nucleoprotein particle or PIC into the nucleus, where the strand transfer reaction takes place. This is a concerted DNA cleavage-ligation reaction whereby the host DNA is cleaved and both 3Ј ends of the viral DNA are covalently linked to the 5Ј ends of the host DNA. Repair of the 5-base single-stranded DNA gaps between the 5Ј ends of the viral DNA and the 3Ј ends of the host DNA is likely carried out by host cell enzymes (4, 49) . A possible role of integrase in DNA splicing (13) has also been proposed. In a nonproductive pathway, a minor fraction of the linear HIV DNA is circularized to give rise to one-long-terminal-repeat (1-LTR) or 2-LTR circles that are lost for integration (20, 44, 50) .
Integration is required for productive HIV infection (19, 30, 43) . Therefore, integration defines a point of no return in the life cycle of HIV and is an attractive target for the development of new antiviral drugs (for reviews, see references 39 and 41). The search for HIV integrase inhibitors has been facilitated by the availability of recombinant integrase, which can be assayed in vitro by using DNA oligonucleotides that correspond to the ends of the LTRs (8) . By using these oligonucleotide-based assays, a vast arsenal of integrase inhibitors has been discovered, but unfortunately, most of these inhibitors seem to be toxic or inactive in cell culture or do not selectively target integrase (12, 15, 40) . Before an integrase inhibitor can be included in a potent combination regimen of antiviral drugs, it is essential to corroborate its selectivity towards the integration step of the viral replication cycle. Recently, a direct approach to demonstrate the authenticity of an integrase inhibitor in cell culture, based on a quantitative real-time Alu-PCR, has been proposed (9) . By amplifying HIV-1 DNA that is colinear with an Alu repeat, the absolute amount of integrated proviral DNA after HIV-1 infection was determined. To date, two classes of compounds have been reported as authentic HIV integrase inhibitors, namely, the diketo acids (26) and the pyranodipyrimidines (PDPs) (34) . Diketo acids can be considered reference compounds for the evaluation of integrase inhibitors in cell culture (37) . Whereas diketo acids specifically inhibit the DNA strand transfer reaction, PDPs apparently interfere with the binding of HIV integrase to the DNA substrate (26, 34) .
In the present study, we used HIV-1-based lentiviral vectors to study the kinetics of the early steps of the lentiviral replication cycle by quantitative real-time PCR. We analyzed the kinetics of the different viral DNA forms during HIV-1-based vector transduction. The impact of the cPPT on the amount of each DNA species formed was investigated, and the effect of the known inhibitors of HIV-1 replication on these kinetics was determined as well.
MATERIALS AND METHODS
Compounds. The PDP derivative V-165 was obtained from Ampharm, Inc., Ramsey, N.J. (34) . Azidothymidine (AZT) was synthesized in our laboratory at the Rega Institute for Medical Research. Loviride (␣-APA R89439) was obtained from the Janssen Research Foundation (Beerse, Belgium). The diketo acid L-708,906 (26) was kindly provided by T. R. Burke (National Institutes of Health, Bethesda, Md.).
Cells. 293T cells, E1A-transformed human embryonic kidney cells expressing SV40 large T antigen, were obtained from O. Danos (Génethon, Evry, France). 293T cells were grown in Dulbecco's modified Eagle's medium (DMEM; Gibco BRL) supplemented with 10% fetal calf serum (FCS; Harlan Sera-Lab Ltd.), 2 mM glutamine (Gibco BRL), and 20 g of gentamicin (Gibco BRL)/ml at 37°C in a 5% CO 2 humidified atmosphere.
Lentiviral vector production. The HIV-1-based lentiviral vector particles were produced by using the three-plasmid transient-transfection system as originally described by Baekelandt et al. (1) and Naldini et al. (32) . The various pHRЈ-derived transfer plasmids used all encode for EGFP as the reporter gene, allowing the measurement of the transduction efficiency by fluorescence-activated cell sorter (FACS) analysis. The second-generation packaging plasmid used, pCMV⌬R8.91, lacks the vif, vpr, vpu, and nef genes. Vectors were pseudotyped with vesicular stomatitis virus G glycoprotein expressed from pMDG. For the transfection of a 10-cm-diameter dish of 293T cells, a 700-l mixture of three plasmids was made in 150 mM NaCl: 20 g of transfer plasmid, 10 g of packaging construct, and 5 g of the envelope plasmid pMDG. To this DNA solution, 700 l of a polyethyleneimine solution (110 l of a 10 mM stock solution in 150 mM NaCl) was added. After 15-min incubation at room temperature, the DNA-polyethyleneimine complex was added dropwise to the 293T cells in DMEM-1% FCS. After 5 h of incubation, medium was replaced with medium containing 10% FCS and 25 mM HEPES. Supernatants were collected on days 2, 3, and 6 posttransfection after low-speed centrifugation and filtered through a 0.45-m-pore-size filter. Next, the vector particles were sedimented by ultracentrifugation at 48,000 ϫ g for 5 h at 4°C in a fixed-angle rotor (Biofuge Stratos; Heraeus Instruments GmbH&Co, Hanau, Germany). Pellets were redissolved in phosphate-buffered saline, resulting in an 800-fold concentration. Different viral stocks were normalized based on p24 antigen content (HIV-1 p24 core profile enzyme-linked immunosorbent assay; DuPont, Dreieich, Germany). Transduction titers were determined by limiting dilution in CHO cells and FACS analysis.
Description of the transfer plasmids used. The plasmid pHGFPWS (1) was derived from pHRЈ but contains the SIN-18 deletion (53) and the woodchuck hepatitis posttranscriptional regulatory element (54) . The plasmid pCHGFPWS contains, in addition, a fragment encompassing the HIV-1 cPPT and CTS fragments, located in front of the hCMV promoter (1). The plasmid pCHGFPW is similar to pCHGFPWS but contains an intact LTR.
Construction of novel transfer plasmids with central and ectopic cPPT-CTS. The constructs were derived from pHRGFPW, originally provided by D. Trono (University of Geneva, Geneva, Switzerland) (54) . The cPPT was amplified by PCR from the packaging plasmid pCMV⌬R8.91 (32) with the forward primer 5Ј-GGGATCGATAGACAGCAGTACAAATGG-3Ј and the reverse primer 5Ј-GGGATCGATTTCCAAACTGGATCTCTG-3Ј. The resulting 207-bp fragment was restricted with ClaI and cloned in sense orientation into the ClaI site of pHRGFPW, in front of the internal hCMV promoter, resulting in pCHGFPW. Before the cloning of cPPT-CTS into the KpnI or NotI site, located respectively at the 3Ј and 5Ј ends of the HIV-1 sequence in pHRGFPW, the restricted PCR fragment was blunted by T4 DNA polymerase. Cloning of this fragment in sense orientation at the respective sites resulted in p3CHGFPW and p5CHGFPW.
Transduction of 293T cells with HIV-1-based lentiviral vectors. The day prior to transduction, 293T cells were seeded in 24-well plates at ϳ10 5 cells per well. Transductions with the lentiviral vectors were carried out at a multiplicity of infection (MOI) of 3 or 10. Vector was added to the cells in the presence of 4 g of polybrene/ml in DMEM-1% FCS. After 4 h of incubation, medium was replaced by DMEM containing 10% FCS. In each 24-well plate, 293T cells that were not transduced were incubated in parallel. Each time a sample was prepared for PCR analysis, an aliquot of untransduced cells was prepared as well. The latter samples served as no-amplification controls (NACs). Inhibitors of lentiviral transduction were added to the cells 1 h prior to transduction. When transduction medium was replaced by DMEM-10% FCS, fresh inhibitors were added.
DNA preparation. At different time points after transduction, cells were lysed by the addition of a 10 mM Tris-Cl (pH 8.0) buffer containing 0.5% sodium dodecyl sulfate, 100 mM NaCl, 25 mM EDTA (pH 8.0), and 0.2 mg of proteinase K/ml and incubated for at least 6 h at 56°C. After lysis, DNA was extracted by phenol-chloroform and DNA concentration was measured by absorption spectroscopy.
Quantification of different HIV-1 DNA species in the cell by real-time PCR. A specifically designed set of TaqMan probe and primers was used to quantify the amount of each specific HIV-1 DNA form in the cell lysate. For the quantifica-
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tion of late reverse transcripts (total HIV-1 DNA), the forward primer 5Ј-TGT GTGCCCGTCTGTTGTGT-3Ј, the reverse primer 5Ј-GAGTCCTGCGTCGA GAGAGC-3Ј, and the probe 5Ј-(FAM)-CAGTGGCGCCCGAACAGGGA-(T AMRA)-3Ј were used (9) . For the quantification of 2-LTR circles, the forward primer 5Ј-GTGCCCGTCTGTTGTGTGACT-3Ј, the reverse primer 5Ј-CTTGT CTTCTTTGGGAGAGAATTAGC-3Ј, and the probe 5Ј-(FAM)-TCCACACT GACTAAAAGGGTCTGAGGGATCTCT-(TAMRA)-3Ј were employed. Quantification of integrated proviruses (Alu-PCR) was done with the 2-LTR forward primer and probe; as the reverse primer, 5Ј-TGCTGGGATTACAGGCGTGA G-3Ј was used. For each real-time PCR analysis, a standard curve was generated by using dilutions of a representative standard of the amplicon being measured. We used the pHRЈ transfer plasmid as standard for the total HIV DNA PCR and a plasmid containing the joined U3-U5 region as standard for the 2-LTR PCR. These standards were diluted in an amount of uninfected cellular DNA equivalent to that present in the unknown samples (200 ng of DNA for late reverse transcripts; 400 ng of DNA for 2-LTR) to create a similar PCR mixture for both the unknown samples and the standards. The standard curve ranged from 10 2 to 10 7 copies of DNA and was run in duplicate. DNA extracts from 293T cells that were transduced with HIV-1-derived vector and passaged six times were used as standard for the Alu-PCR. For the Alu-PCR standard curve, the copy number of integrated proviruses in the standard sample was first determined by performing a late RT-PCR by using the standard of the late RT-PCR. After determination of the absolute amount of the integrated proviruses, the Alu-PCR DNA standard was diluted and used to generate the Alu-PCR standard curve.
No-template controls (no DNA added to the PCR mixture) and NACs (DNA extracted from cells that were not transduced) were run with each experiment. Reactions contained 1ϫ TaqMan universal master mix (Applied Biosystems, Lennik, Belgium), 300 nM forward primer (for Alu-PCR, 150 nM forward primer), 300 nM reverse primer (for Alu-PCR, 600 nM reverse primer), 100 nM probe, and 200 ng (late reverse transcripts), 400 ng (2-LTR circles), or 1 g (integrated proviral DNAs) of template DNA in a 50-l volume. After initial incubations at 50°C for 2 min and at 95°C for 10 min, 40 cycles of amplification were carried out at 95°C for 15 s (for Alu-PCR, 30 s), followed by 1 min at 60°C (for Alu-PCR, 1 min 30 s). Reactions were analyzed by using the ABI Prism model 7700 sequence detection system (Applied Biosystems). In duplicate transduction experiments, standard deviations on PCR data were below 10%. However, the multistep procedure and the variability between vector preparations confounded statistical analysis on the absolute values of independent transductions. Therefore, copy numbers are shown relative to those obtained with a control vector transduction run in parallel.
RESULTS
Kinetics of HIV DNA forms during HIV-1-based vector transduction. After reverse transcription of the viral RNA genome into double-stranded DNA, the DNA is imported into the nucleus to be inserted into the chromosome by a concerted strand transfer reaction mediated by integrase. Through the unproductive pathways of DNA circularization, 1-and 2-LTR circles are made in the nucleus. Little is known about the kinetics of formation and degradation of the different viral DNA species during HIV infection. By using three real-time PCRs, we quantified the amount of total HIV DNA (also referred to as late-reverse-transcript products), 2-LTR circles, and integrated proviral DNA during vector transduction as a function of time. To confine HIV replication to a single round, we used HIV-1-based vectors instead of wild-type HIV. We transduced 293T cells with HIV-1-based vectors at an MOI of 3 and took aliquots at different time points after infection for DNA extraction. DNA samples were also obtained after passaging of the cells. The vectors contained the HIV-1 cPPT that is known to enhance transduction efficiency by increasing nuclear import. Real-time quantitative PCR analysis of total HIV DNA revealed peak DNA synthesis 6 to 12 h after transduction, followed by a marked decrease over the next 20 to 30 h (Fig. 1A) . This decline points to the degradation of an important fraction of the viral DNA, probably by cellular enzymes. The 2-LTR circles (Fig. 1B) reached a maximum level at 24 to 48 h and were then diluted upon cell division, as recently reported (36) . This maximal amount of 2-LTR circles represented only 0.7% Ϯ 0.5% of the amount of total HIV-1 DNA at the same time point. By quantitative Alu-PCR, the first integrated proviral DNA was detected at 12 h postinfection (p.i.), whereupon the amount increased slowly (Fig. 1C) . From the integration rate, it was calculated that it took, on average, 15.4 h to integrate one HIV vector DNA copy. The integrated proviral DNAs, measured by quantitative Alu-PCR, accounted for about 5.34% Ϯ 2.52% of the initial maximal amount of viral DNA made. Impact of cell division on the kinetics of HIV-1 vector DNA production. Next, we investigated the effect of cell division on the kinetics of the viral DNA. If cells are allowed to divide before linear viral DNA is integrated, cDNA may be diluted and lost for integration in one of the daughter cells. Therefore, transduction of 293T cells at confluency was compared with that of actively dividing cells. All cells were transduced with HIV-1 vectors at an MOI of 10. The rate and the overall amount of DNA synthesis were indistinguishable between both cell populations. Although the overall integration efficiency, as measured by Alu-PCR, was comparable, the initial integration rate tended to be two-to fourfold higher in nondividing cells (data not shown). The amount of 2-LTR circles was at least twofold lower in the dividing cells 48 h after transduction (data not shown), likely due to the dilution of those circular DNA species upon cell division, as reported recently (36) . Our standard transduction experiments were carried out with actively dividing 293T cells.
Impact of the cPPT on the kinetics of HIV-1 vector transduction. The kinetics of transduction were originally studied with lentiviral vectors containing the HIV-1 cPPT (Fig. 1) . Since it is generally believed that the cPPT enhances nuclear import and thereby stimulates lentiviral vector transduction efficiency (51), we studied the influence of the cPPT on the kinetics of the formation of three distinct HIV DNA species. Therefore, we transduced 293T cells in parallel by using vectors with or without cPPT at an MOI of 10. Real-time PCR analysis revealed clear differences between both vectors ( Fig. 2 and Table 1 ). Late reverse transcripts of vectors either with or without cPPT reached a maximum level at 12 h that was followed by a steep decrease (Fig. 2A) . No significant difference in the rate and extent of viral DNA synthesis could be observed Table 1 ). The 2-LTR circles were detected earlier and were present in a significantly larger amount when the cPPT was present (Fig. 2B) . The 2-LTR circles peaked already after 24 h in the presence of the cPPT, whereas in the absence of the cPPT, a steady increase until 48 h after transduction was observed. As summarized in Table 1 , a threefold increase in the maximal amount of circular DNA was detected in the presence of the cPPT. Since 2-LTR circles are formed in the nucleus, these quantifications confirm the stimulatory effect of the cPPT on the nuclear import of PICs in the infected cell.
The differences in integration efficiency between the cPPT and non-cPPT vectors were evidenced by Alu-PCR (Fig. 2C) . As expected, more integrated proviral DNA was detected in the presence of the cPPT. For each integrated DNA copy per cell with a non-cPPT vector, an equivalent of 10.6 Ϯ 0.7 copies/ cell was integrated when the cPPT was present in the lentiviral vector. Moreover, distinct kinetics of integration were observed. Whereas the first integration events occurred after 24 h in the absence of the cPPT, we could already detect proviral DNA at 12 h p.i. when vectors with cPPT were used. These results are consistent with a more efficient nuclear import by the presence of the cPPT, resulting in earlier and greater integration of DNA. The impact on integration was thereby more pronounced than the impact on 2-LTR formation.
Impact of MOI on HIV-1 DNA formation. Next, we analyzed the effect of the MOI on transductions with HIV-1 vectors with or without cPPT. Therefore, 293T cells were transduced at a different MOI and the DNA species were again quantified over time (Fig. 3) . The amounts of late reverse transcripts increased proportionally with the MOI, both in the presence and in the absence of the cPPT (Fig. 3A) . However, when quantifying 2-LTR circles, an important difference between the cPPT and the non-cPPT vectors was apparent (Fig. 3B) . In the absence of the cPPT, a saturation of circle formation around an MOI of 10 was evidenced in contrast to vectors with cPPT. Since 2-LTR circle formation is a measure of nuclear import, our data suggest that the cPPT can overcome a barrier for DNA import. As a result of the facilitated nuclear import by the cPPT at a high MOI, there was less saturation of DNA integration at a high MOI, as measured by Alu-PCR (data not shown).
Impact of the position of the cPPT in the viral genome on the formation of 2-LTR circles. In theory, the circularization of the linear viral DNA in the nucleus could be favored by a central DNA flap. By relieving topological constraints, a centrally located DNA flap may facilitate the juxtaposition of both LTRs and the ligation of the two ends in the nucleus (51) . In that perspective, the increase in 2-LTR circles would not reflect improved nuclear import. To rule out this possibility, we cloned the cPPT-CTS fragment at the 5Ј and 3Ј ends of the lentiviral vector construct pHGFPW. We reasoned that an ectopic location of the DNA flap would not favor DNA ligation. Transductions of 293T cells were carried out with HIVbased vectors lacking the cPPT (using pHGFPW) or containing the cPPT, either in the center (pCHGFPW) or at the 5Ј or 3Ј end (p5CHGFPW or p3CHGFPW, respectively). The quantitative analysis revealed no clear difference in the maximal amount of 2-LTR circles obtained with 5CHGFPW, as is shown in Fig. 4 and Table 1 . RT of the vector carrying cPPT-CTS at the 3Ј end was less efficient; still, the number of 2-LTR circles was 1.7-fold higher than that in the absence of the cPPT. All cPPT-containing vectors resulted in a dramatic increase in the integration efficiency ( Table 1) .
Impact of HIV inhibitors on HIV DNA kinetics. Prior to the development of any new authentic inhibitor of HIV-1 integration, experimental evidence for inhibition of the integration process in cell culture has to be obtained (15) . The HIV DNA quantification method described in combination with HIV vector-based single-round infection should facilitate the identification of new antiviral targets for HIV-1 inhibitors (9). This method particularly allows the discrimination between inhibitors of HIV-1 RT and integration. Since the lentiviral vectors are pseudotyped with the vesicular stomatitis virus G glycoprotein, inhibition of HIV entry is not assessed for. To confirm the usefulness of this assay to demonstrate that a candidate integrase inhibitor targets the integration step in cell culture, we tested the diketo acid L-708,906 (26) and the PDP V-165 (34) as representatives of both classes of the authentic integrase inhibitors described so far. In parallel, we tested AZT as a prototype of the nucleoside reverse transcriptase inhibitors and ␣-APA as a nonnucleoside reverse transcriptase inhibitor (35) . Therefore, 293T cells were transduced with lentiviral vectors encoding EGFP (MOI ϭ 10) in the absence or presence of 187 nM AZT, 570 nM ␣-APA, 25 M L-708,906, or 25 M V-165. FACS analysis was performed on transduced cells before and after passaging to quantify the extent of the inhibition of transduction (Table 2 ). In the presence of AZT or ␣-APA, the transduction efficiency decreased by 60 to 70%. The inhibition of transduction efficiency by the diketo acid and by the PDP was more pronounced after passaging of the cells (70 to 80% versus 35 to 52%). The results of DNA quantification are presented in Fig. 5 and Table 2 . The nucleoside reverse transcriptase inhibitor AZT inhibited HIV DNA synthesis (Fig. 5A ) and 2-LTR circle formation (Fig. 5B) . The number of integrants was about 10% of that of the uninhibited control (Fig. 5C) . A similar inhibition profile was observed for ␣-APA (Table 2) . When the diketo acid L-708,906 was added during lentiviral transduction, no significant inhibition of the late reverse transcripts was observed (Fig. 5A ) whereas the amount of 2-LTR circles clearly increased (Fig. 5B ) in accordance with the inhibition of DNA strand transfer subsequent to nuclear import. As expected, almost no integrated proviral DNA could be detected by Alu-PCR (Fig. 5C ). In the presence of V-165, no significant inhibition of DNA synthesis was detected; there was no clear effect on 2-LTR circle formation but a pronounced inhibition of proviral DNA (Table 2) . 
DISCUSSION
Real-time PCR methodology to quantify HIV-1 integration. The HIV-1 integration process is an attractive target for the development of new antiviral therapy. Moreover, efficient integration is crucial for the future success of lentiviral vectors for gene therapy. There is an active ongoing search to identify lead compounds that inhibit integrase. Most efforts have been focused on the discovery of integrase inhibitors by using oligonucleotide-based enzymatic assays. Although these assays are widely used, authentic integrase inhibition has to be corroborated in HIV-infected cells. Although the cPPT is now inserted in most lentiviral vector constructs, the mechanism whereby it increases transduction efficiency is not well understood. Recently, Butler et al. described an elegant method to quantify HIV integration (9) . Using real-time Alu-PCR, HIV-1 integration in cell culture was quantified relative to a total HIV DNA standard. In our experiments, we used a similar real-time quantitative PCR analysis to determine the kinetics of the formation and degradation of different viral DNA species during HIV-1 vector transductions. Using this technology, we studied the effect of the cPPT and HIV inhibitors on the transduction process. Real-time PCR using TaqMan probes offers the advantage of an absolute quantification of input DNA in contrast to semiquantitative end point PCR or Southern blotting. A representative standard for each amplicon to be quantified and a specific probe annealing to the correct strand are required. In our hands, the quantitative total HIV DNA PCR (detection limit, 0.01 copy/cell) and the 2-LTR quantitative PCR (detection limit, 0.001 copy/cell) proved highly sensitive and yielded perfect standard curves (slope ϭ Ϫ3.2), pointing to optimal PCR efficiency. Amplification of HIV-1 integrants by Alu-PCR is hampered by the frequency of the Alu repeats in the human genome (one Alu repeat every 5,000 bp). Likely, not all integrants will be located near such an Alu repeat. Although this quantitative Alu-PCR is highly specific for detecting integration events, it is not as sensitive (0.1 copies/cell) and efficient as the other quantitative PCRs (slopes varying from Ϫ2.3 to Ϫ3.4). From a direct comparison between linker-primer PCR and Alu-PCR for the detection of HIV-1 integrants, it was estimated that the latter only amplifies half of all integrated proviral DNAs (46) . We estimated the efficiency of our quantitative Alu-PCR at 47% by direct comparison with the DNA copy numbers obtained with total HIV-1 DNA quantitative PCR. The number of circles present at that time was calculated to be less than 0.1% of the total viral DNA. The efficiency of the quantitative Alu-PCR may also be confounded by interfering Alu-Alu amplifications. Theoretically, performing a total HIV-1 DNA PCR after integration has been completed should result in a copy number similar to that obtained with Alu-PCR. Although after one passage, circular and linear nonintegrated viral DNAs are detected as well, they account for only about 0.015 Ϯ 0.005 DNA copies per cell, based on the assumption that the ratio of 1-LTR to 2-LTR circles is about 9 to 1 (9). Still, for kinetic studies of single-round infection, Alu-PCR was preferred. While this work was under revision, a nested quantitative Alu-PCR was described with a 10-to 100-fold increased sensitivity for quantifying HIV integration (33) . We plan to verify this reported sensitivity in the near future.
Kinetics of HIV-1 vector integration. The kinetics of HIV-1 DNA during HIV-based vector transduction are characterized by an initial steep increase in the linear HIV-1 DNA synthesized during the RT process, with a maximum at 12 h, but followed by a significant degradation of the HIV-1 DNA. This phenomenon has been described by Butler et al. and Vandegraaff et al. (9, 46) . According to Vandegraaff et al., 10% of the cDNA made is integrated; based on the data obtained by Butler et al., this efficiency is about 5% for transductions in 293T cells. We calculated a DNA integration efficiency in the presence of the cPPT to be 5.34% Ϯ 2.52%. In our hands, the rate and extent of the degradation of the DNA was not dependent on either the cell division or MOI of the vector. It has been speculated that HIV DNA degradation results from a cellular defense mechanism in the cytoplasm, although the underlying mechanism remains to be identified (2, 9, 46) . Exploiting the cellular defense mechanism may yield gene therapeutic approaches against HIV replication, whereas circumventing DNA degradation may increase lentiviral vector performance.
It is known that 2-LTR circles represent only a minor fraction of the circular DNA made during HIV infection (20, 44, . At 24 to 48 h after transduction, the 2-LTR circles represented 0.7% of the total viral DNA present. The subsequent decrease in their number is likely related to dilution upon cell division, as recently reported (36) . Our numbers are consistent with those in recent reports where 2-LTR circles accounted for 1.0 to 1.5% of the total viral DNA synthesized (9, 46). 2-LTR circles were first detected between 3 and 6 h after transduction, but integrated proviral DNAs were detected only by quantitative Alu-PCR from 12 h after transduction. The apparent time difference can probably be attributed to the difference in the sensitivities of the PCRs used. From our quantitative Alu-PCR data, a vector integration rate was calculated. Based on this rate and on the transduction efficiency, as measured by FACS analysis, an average provirus would take about 15 h to integrate after DNA synthesis is complete (at 12 h p.i.). Based on the data of Butler et al. (9), we calculated integration to take 16 h, in accordance with the results of our study. We have determined the kinetics of the HIV-1-derived lentiviral vector transduction of 293T cells. How does this relate to the established kinetics of HIV-1 infection in lymphocytes? When analyzing the kinetics of cell-free HIV infection with a linker-primer PCR assay, it was concluded that total HIV DNA peaked at 14 h p.i. (46) , which is consistent with our results. The first integrated proviral DNAs were detected at 4 h p.i., and the 2-LTR DNA circles started to accumulate from 7 h p.i. In a synchronous cell-to-cell transmission model of HIV, the first integrated HIV DNA was detected by Southern blotting at 8 h p.i. (29) . The integration process was completed at 72 h p.i. In time-of-addition experiments with HIV-1, the timing of the consecutive replication steps can be pinpointed by the loss of the inhibitory activity of known inhibitors (16) . Reverse transcriptase inhibitors lose activity if addition is postponed for more than 4 h p.i.; the diketo acid L-708,906 loses activity if it is added later than 8 h p.i. It follows that in these single-round infections with free virus at a high MOI, the RT step occurs at 4 h p.i. and DNA strand transfer occurs at 8 h. Even if our quantitative Alu-PCR detects only half of the integrated proviral DNAs, this analysis suggests that HIV-1 vector transduction proceeds at a lower rate than the HIV-1 infection of T-cell lines. It remains to be investigated whether transduction rates are cell dependent and whether viral proteins (e.g., accessory proteins) may increase transduction rates. Identification of the parameters responsible for the lower integration rate of vectors with respect to virus may lead to improved lentiviral vectors.
Impact of HIV-1 cPPT on the kinetics of vector transduction. It is generally accepted that insertion of the HIV-1 cPPT in HIV-1 vectors considerably improves the transduction efficiency (21, 51, 52) . Vector improvement has been attributed to facilitated nuclear import in the presence of the cPPT (51). We analyzed the effect of the cPPT on vector kinetics by quantitative PCR.
In keeping with what has been described previously, the cPPT apparently had no significant effect on the rate of initial DNA synthesis nor on the amount of the reverse transcripts synthesized. The impact on nuclear import was evidenced by the threefold increase in the amount of 2-LTR circles after transduction with cPPT vectors (Table 1 ). The rate of DNA circularization was also much higher in the presence of the cPPT (Fig. 2B) . Transduction with cPPT vectors resulted in a 10-fold increase in integrated vector DNA, and the integration rate was clearly stimulated. The increased integration efficiency of cPPT vectors can at least partially be attributed to facilitated nuclear import. As an indirect consequence, the HIV-1 DNA may also be protected to some extent from degradation in the cytoplasm and from dilution upon cell division.
If there is a greater and faster nuclear import of HIV cDNA in the presence of the cPPT, this may serve as protection against the degradation and dilution of nonintegrated DNA.
A new aspect of the role of the cPPT during nuclear import was evidenced in our experiments using high multiplicities of vector. Whereas the nuclear import, estimated by the amount of 2-LTR circles, was saturated at an MOI of 10 in the absence of the cPPT, no saturation was observed with cPPT vectors. Apparently, the threshold for nuclear import can be overcome by the cPPT. Next, we constructed lentiviral vectors carrying the cPPT-CTS fragment on ectopic locations (3Ј or 5Ј end). Remarkably, there was only a limited effect on DNA synthesis. Ectopic cPPT-CTS stimulated 2-LTR circle formation and integration as well. These results are at odds with the hypothesis that the central DNA flap relieves topological constraints for efficient translocation through the nucleopore (51). More likely, the central DNA flap serves as a signal facilitating nuclear import with respect to both rate and maximal capacity. By itself, this would already lead to increased integration. Still, it is possible that the DNA flap has a direct stimulatory effect on integration that needs further investigation.
Quantitative PCR methodology can be used to corroborate the inhibition of DNA integration in cell culture. In analogy with Butler et al. (9) , we performed transductions with cPPT vectors in the presence of various HIV inhibitors. The diketo acid L-708,906 was shown to inhibit integration without an effect on viral DNA synthesis (Fig. 5) . Interestingly, inhibition of strand transfer was accompanied by an increase in the number of 2-LTR circles. The methodology can thus be used to corroborate the authenticity of integrase inhibition in cell culture. L-708,906 is a specific inhibitor of DNA strand transfer. The recently described PDP V-165 inhibits integrase-DNA complex formation rather than DNA strand transfer. This was evidenced by an inhibition of integration without an increase in 2-LTR circle formation. Our assay format includes data on transduction efficiency as measured by FACS analysis to document the extent of inhibition at the concentrations used (Table 2). Interestingly, the inhibitory effect of both integrase inhibitors was more pronounced after passaging of the cells. EGFP may be expressed from the nonintegrated DNA forms (1-LTR and 2-LTR circles, half-site integrants, or linear DNA) present before passaging of the cells and detected by FACS analysis. These nonintegrated DNA forms are diluted upon cell division. The decreased EGFP expression after passaging is thus consistent with an inhibition of the integration process.
In conclusion, our kinetic analysis of the impact of the cPPT on HIV-1 vector transduction will be helpful for the detailed study of the HIV-1 integration process, the optimization of HIV-1 vectors, and the development of authentic integrase inhibitors.
